In permafrost-degraded areas, "islands" of permafrost can be buried in the unfrozen soil. When permafrost is arranged in this discontinuous pattern, it is more difficult to analyze from an engineering or geological perspective. The degree of resistivity of unfrozen soil is determined by the dry density, temperature, moisture content, and pore water resistivity of the soil, as well as by the mineral composition, size, and cementing state of the soil particles. Part of the water in the soil pores experiences a phase change as the soil freezes, so permafrost has different resistivity than unfrozen soil. In this chapter, we explore the conduction characteristics of permafrost. First, we established a theoretical model to analyze the factors affecting the resistivity of permafrost. Next, we used an experimental study to analyze how unfrozen water content, initial moisture content, soil temperature, and dry density influence the resistivity of frozen soil. These experimental study results served to validate the rationality of the model of permafrost resistivity. To analyze differences in conductivity between underground media, we used a high-density resistivity (HDR) method, which infers the storage of underground geologic bodies with different resistivity based on the distribution of a conduction current under the electric field action. In this chapter, the WGMD-9 super HDR measurement system produced by the Chongqing Benteng Numerical Control Technique Research Institute was used to obtain the resistivity profile. The study region was the road area from Bei'an Expressway to Heihe Expressway in the permafrost degeneration area in Northeast China. A permafrost profile map was drawn based on data from engineering drilling and an analysis of factors that influence permafrost resistivity. The reliability of the permafrost profile map was verified by an analysis of temperature data taken at measured points at different depths of the soil profile.
Introduction
One of the innate attributes of a soil is the electrical resistivity. The dry density, water content, temperature, mineral composition, and structure of the soil determine the magnitude of the electrical resistivity. In a previous experimental study, the cementation factor was shown to be related to the shapes and cementation conditions of soil particles. A study by Wu et al. [1] preliminarily showed the factors that affected variation in the electrical resistivity of soils. The results showed that the electrical resistivity of the soil varied with soil type, mother rocks, soil texture, and soil salt content. Water content, the water-cement ratio, and the degree of saturation are well correlated with the electrical resistivity of a cement-soil mixture. Li et al. [2] assessed the relationship between the electrical resistivity of a saline soil and the salt content, water content, porosity, and degree of saturation. The results showed that the electrical resistivity of the saline soil decreased with increases in the water content, salt content, and the degree of saturation. Also, it increased with increasing porosity. Zha et al. [3] studied the effect of the particle composition of a soil on its electrical resistivity and showed that the electrical resistivity of the soil decreased with increases in the liquid limit or the plastic limit of the soil.
A calorimetric experiment on an undisturbed frozen soil sample was performed by Fortier et al. [4] , and they also obtained the unfrozen water and ice contents in the sample. Fortier et al. [5] determined the electrical resistivity at the location near the sampling site and determined the relation between the electrical resistivity and the unfrozen water and ice contents using a linear regression analysis. A study of the electrical resistivity of frozen and petroleum-polluted soils was reported by Delaney et al. [6] . They found that the freezing conditions and petroleum pollution could both result in an increase in the electrical resistivity of the soil. Fu et al. [7] performed a study in which they monitored the electrical resistivity of silty clay obtained from the Beiluhe River on the Qinghai-Tibet Plateau during an entire uniaxial compression test that was carried out at different temperatures. They showed that the uniaxial compression strength of the frozen soil had a strong semi-logarithmic relationship with the initial electrical resistivity. The relationship between the electrical resistivity and the ice content of the frozen soil was obtained by Angelopoulos et al. [8] using the electrical resistivity method on the frozen soil from Parsons Lake in the Northwest Territories of Canada. The electrical resistivity method was also used to study the spatial distribution of the island-shaped permafrost layer along the Beian-Heihe highway. Discontinuities in the electrical resistivity at the upper and lower interfaces of the island-shaped permafrost layer were observed and permafrost layer showed significantly high resistance. Variation in the electrical resistivity of the areas without permafrost was relatively gentle with no discontinuities.
This study investigated the relationship between the electrical resistivity of a soil body and the water content, temperature, and dry density of the soil to thoroughly study the electrical conductive properties of frozen soils. We used mathematical deduction and a theoretical model for the electrical resistivity of frozen soils. Experiments were conducted on soil bodies with different water contents and dry densities at different temperatures. We also verified the reasonableness of the theoretical model for the electrical resistivity of frozen soils and provided a theoretical basis for exploring the distribution of underground shallow frozen soils with the electrical resistivity method.
In recent decades, geophysical analysis has become a common tool in studies that evaluate stratigraphic distribution. In situ geophysical techniques can directly or indirectly measure the physical parameters of rock and soil that are related to the lithological, hydrological, and geotechnical features of rocks and soils [9] [10] [11] . Compared with other ground detection technologies such as drilling, clinometry, and laboratory testing, these physical detection techniques are nondestructive and can integrate the information acquired over large soil volumes to overcome the point-scale limitations of standard geotechnical measurements. The high-density resistivity (HDR) method, an in situ geophysical technique, is increasingly being applied to geological surveys of landslides, permafrost, and so on [9, 12, 13] .
By measuring the resistivity of subterranean rock and soil, the HDR method can provide relevant two-dimensional (2D) and three-dimensional (3D) images, which are used in geophysical exploration to gain solutions to shallow geologic problems [14] [15] [16] [17] [18] . The HDR method has already been applied in the arctic and alpine environments to identify the sliding surface of landslide and to detect the distribution of permafrost [17, [19] [20] [21] [22] [23] [24] . As an effective detection method for permafrost exploration, the HDR method can determine the thickness and the upper and lower limits of permafrost, metrics that have been used in permafrost surveys since the late 1970s [10, [25] [26] [27] [28] . However, all geophysical methods have their applicability, including regional limitations and reliability. The HDR method has not been effectively and extensively applied in analyses of permafrost in the high latitudes of Northeast China nor has geophysical exploration been applied in the permafrost areas in Lesser Khingan Mountains, China, to monitor the degradation process of permafrost.
In this chapter, the HDR measurement system was used to obtain the resistivity profile. The study region was the road area from Bei'an Expressway to Heihe Expressway in the permafrost degeneration area in Northeast China [29] . A permafrost profile map was drawn based on data from engineering drilling and an analysis of factors that influence permafrost resistivity. The reliability of the permafrost profile map was verified by an analysis of temperature data taken at measured points at different depths of the soil profile.
Establishing a model for the electrical resistivity of frozen soils

Models for the electrical resistivity of soils
An electrical resistivity model that is applicable to saturated non-cohesive soils and pure sandstones, assuming that the conductivity of solid particles is not considered, has been proposed [30] :
where ρ is the electrical resistivity, ρ w is the electrical resistivity of pore water, n is the porosity, a is an experimental parameter, and m is the cementation factor.
Archie [30] proposed an electrical resistivity model that related the electrical resistivity of a soil to the structure of the soil. It expanded the approaches for studying the microstructures of soils. This proposed model, however, only considered the effect of the electrical resistivity and porosity of the pore water on the electrical resistivity of the soil. This means that the potential applications of the electrical resistivity proposed model are limited.
In later work, the electrical resistivity model proposed by Archie [30] was expanded to the following:
where s r is the degree of saturation and p is the saturation exponent.
In the expanded electrical resistivity model, the degree of saturation of the pore water is considered. The expanded model is therefore applicable to non-saturated pure sandstones and non-cohesive sand. The expanded model, however, ignores the effects of other factors on the electrical resistivity of a soil.
On the basis of experimental studies and considering the effect of the electrical double layers on the surfaces of soil particles on the electrical resistivity of the entire soil body, an electrical resistivity model that is applicable to non-saturated cohesive soils was proposed:
where B represents the electrical resistivity of the charge whose electrical property is opposite to that of the surface of the soil particle in the electrical double layer, Q is the cation exchange capacity per unit soil pore, and BQ is the electrical resistivity of the electrical double layer on the surface of the soil particle.
Wasman and Smits [31] proposed an electrical resistivity model that considered the effect of the electrical conductivity of soil particles on the electrical resistivity of the soil, which means that the electrical resistivity model proposed by Smits is applicable to non-saturated cohesive soils.
Beside pore water and soil particles, there is a third conductive propagation path for cohesive soils, that is, the series-coupled soil-water propagation path. Considering the previously mentioned three conductive propagation paths for cohesive soils, the following equation for the model for the electrical resistivity of non-saturated cohesive soils has been deduced:
where F ' is the conductive structure coefficient (the ratio of the width of the series-coupled soil-water path to the side length of the entire soil body) and θ' is the volumetric water content of the parallel-coupled soil-water part.
Zha et al. [32] proposed an electrical resistivity model that considered the effect of conductive paths and organically combined the electrical resistivity of a soil with factors such as porosity, degree of saturation, electrical resistivity of the pore water, soil structure, soil particle composition, and electrical double layers on the surfaces of soil particles. This thereby rendered the model for non-saturated cohesive soils more reasonable.
Equations describing the relation between electrical resistivity of a soil sample and the unfrozen water content as well as that between electrical resistivity of a soil sample and the ice content are the following [4, 5] :
where ρ is the electrical resistivity (Ωm), ρ is the unfrozen water content (%), w i is the ice content (%), ρ u w 0 = 12,820 Ωm is the reference electrical resistivity for a reference unfrozen water content w u w 0 of 5%, ρ i o = 1316 Ωm is the reference electrical resistivity for a reference ice content w i 0 of 10%, and a = 1.73 is the exponent of the power law between the electrical resistivity and the ice content.
Fortier et al. [5] proposed a model for electrical resistivity that first considers the effect of the ice content of a soil. This model is therefore applicable not only to unfrozen soils but also to frozen soils. A frozen soil, however, is a complex multiphase body. Also, there are many factors that affect a frozen soil. This model proposed by Fortier et al. [5] only considers the effect of the ice content of a soil on the electrical resistivity of the soil. In addition, the preset reference electrical resistivity value has no generality.
Angelopoulos et al. [8] analyzed frozen soil from Parsons Lake in the Northwest Territories of Canada with the electrical resistivity method and the study results showed the relationship between the electrical resistivity of the frozen soil and the ice content. In the study, the electrical resistivity method was applied in frozen soil exploration and proved to be very useful. However, the results were quite discrete and poorly correlated. Also, the electrical resistivity method only considers the effect of the ice content on the electrical resistivity of the frozen soil and is therefore limited.
Establishing a model for the electrical resistivity of frozen soils
A fraction of the pore water of a soil goes through a phase change during the freezing process. The electrical resistivity characteristics of a frozen soil are therefore different from those of an unfrozen soil. In our study, we assumed that there are three conductive paths (soil particles, ice-water mixtures, and soil-ice-water mixtures, i.e., the gas propagation path is ignored) for a frozen soil, as was also assumed in the three-element electrical conduction model and the model for the electrical resistivity of unsaturated cohesive soils. We deduced the equation for the model for the electrical resistivity of frozen soils [33] :
where A-D represent coefficients that are related to the structural characteristics of the frozen soil and electrical resistivity of each component of the frozen soil, w is the water content of
is the unfrozen water content of the frozen soil, θ is the absolute value of the temperature of the frozen soil, and ρ d is the dry density of the frozen soil.
Main factors influencing the electrical resistivity of a frozen soil
Four primary factors can affect the electrical resistivity of a frozen soil:
1. Soil type. Particle size, shape, and mineral composition show large differences between the solid particles of different soil types. The mineral composition plays an important role in the conductive path of soil particles. This results in differences in the electrical resistivity for different soil types.
2. Structural characteristics of the soil. The structural characteristics of the ice-water mixture and the shapes and orientations of soil particles are factors that determine the structural characteristics of the soil.
3. Pore water affects the electrical resistivity of a frozen soil based on the water content and the number and types of ions in the pore water. The initial water content and the unfrozen water content affect the electrical resistivity of a frozen soil. The unfrozen water content depends on the temperature and initial water content. The conductive properties of a soil body are affected by the types and number of ions in the pore water. The salt content (for soils that contain salt) determined the types and number of ions. When a soil body contains salt, soluble minerals are dissolved in the pore water and they exist in the form of ions. The migration of positive and negative ions occurs under the effect of an external electrical field. The concentrations of the ions in the pore water and the charge number that each ion carries determine the conductive properties of pore water.
4.
Temperature changes the activity of ions and the unfrozen water content. The water in a soil body solidifies and forms ice when the temperature is less than 0°C. When this happens, the unfrozen water content of the soil body decreases and there is a relatively large change in the electrical resistivity of the frozen soil with the water changing from a liquid state to a solid state.
Frozen soil consists of soil particles, ice-water mixtures, and gas. We know from Eq. (7) that factors that affect the electrical resistivity of a frozen soil include the electrical resistivity and the structure coefficient, dry density, water content, content of each component, and temperature.
Eq. (7) shows that when the initial water content of the same frozen sample is fixed, the electrical resistivity of the frozen soil is inversely proportional to the unfrozen water content of the soil body. The unfrozen water content varies with changes in the initial water content in frozen samples with different initial water contents. Also, the electrical resistivity of the frozen soil exhibits a complex temperature-related functional relationship with the initial water content. The electrical resistivity of a frozen soil has an exponential relationship with the temperature of the soil body. Also, it is inversely proportional to the dry density of the soil body.
Experimental verification of the model for the electrical resistivity of
frozen soils 3.1. Electrical resistivity measurement principle Figure 1 shows the principle diagram of the electrical circuit of the device used to measure the electrical resistivity. To reduce the disturbance of the frozen soil samples, a two-electrode electrical resistivity measurement system was used for electrical resistivity measurements. The electrical resistivity of a soil body is calculated using the following equation:
where ρ is the electrical resistivity (Ωm), U is the voltage between the two ends of the soil sample (V), I is the current that passes through the soil sample (A), and L is the length of the soil sample (m).
Experimental materials
The experimental soil sample was silty clay. The original soil samples were sieved, air-dried, and ground for use in the experiment. A 2-mm sieve was used and the soil particles with sizes less than 2 mm were retained and used as the experimental soil sample. The cumulative particle size distribution curve of the experimental soil sample is shown in Figure 2 . The basic physical properties of the experimental soil sample are shown in Table 1 . The experimental soil sample had a maximum dry density of 1.89 g·cm −3 and the corresponding optimum water content was 13.4%.
Experimental scheme and steps
The experimental soil was fabricated into a cylindrical specimen with a dry density of 1.52 g·cm −3 , an initial volumetric water content of 13.68%, and dimensions (h × φ) of 300 mm × 158 mm at 24°C to study the variations in the unfrozen water content and the electrical resistivity of the soil body with temperature during the freezing process. Also, the specimen was sealed and then placed in an insulating sleeve with an internal diameter of 160 mm. A water content sensor and a temperature sensor were embedded in the specimen (the temperature sensor had a measurement range of −40 to 50°C and a measurement accuracy of 0.01°C; the water content sensor had a measurement accuracy of 0.01). Copper electrodes with a thickness of 0.5 mm and a purity of 99.5% were placed at each end of the specimen. Subsequently, the specimen was moved outside and allowed to solidify gradually at −24 to −32°C. A LOGGER 3.0 experimental system (Beijing Huizenong Tech. Co., Limited is located in Haidian District, Beijing City, China) was employed to automatically acquire the volumetric water content and temperature of the soil body at a 5-minute interval during the freezing process. The electrical resistivity of the specimen was simultaneously measured (Figure 3) . The variation curves of the electrical resistivity of the soil body and unfrozen water content of the soil body with temperature were obtained after calculating and processing the acquired data ( Figure 5) . The soil water content sensor-working principle was as follows: the standing wave ratio principle was used to measure the volumetric water content, that is, the variation of the dielectric constant ( ε ) of the soil body is measured and then transformed to the volumetric water content ( θ v ) using the Topp equation [34] :
where θ v is the volumetric water content and ε is the dielectric constant.
The dry density, temperature, and required soil and water masses were calculated according to the water content and dry density during the experiment to study the relationships between the electrical resistivity of the frozen soil and the initial water content. Water and soil were mixed homogeneously and sealed in a double-layer plastic bag for 12 h to allow the soil sample and water to mix homogeneously. The soil-water mixture was compacted layer by layer into specimens with dimensions (h × φ) of 80 mm × 39.1 mm according to the different dry density Electrical Resistivity and Conductivityrequirements. Each soil specimen was sealed in a rubber membrane to prevent the water content of each soil specimen from changing during the freezing process. The environment of the experiment was a closed system and the experimental soil specimens were placed in a DX-200 low-temperature test chamber. The temperature of the low-temperature test chamber was set to the preset temperature during the experiment and was then maintained for 24 h. Then, the experimental soil specimens were placed in a low-temperature test chamber for 72 h. Three soil specimens were controlled in parallel under each set of conditions with consideration for the discreteness of the soil specimens. A copper electrode was placed at each end of each specimen after the freezing process was completed. Next, each specimen was placed in the device shown in Figure 4 to measure its electrical resistivity. A DY2101 digital multi-meter was used to measure the voltage of each specimen. The measurement accuracy for the direct current voltage was ±0.5%. A MS8265 digital multi-meter was used to measure the current. The measurement accuracy for the current was ±0.5%. A DX-200 low-temperature test chamber that had the same temperature as the specimen was used to measure the electrical resistivity of each specimen.
Through manipulating the three factors-the water content (including the unfrozen and initial water content), the temperature, and the dry density-the values of electrical resistivity of the frozen soil for different water contents, temperatures, and dry density conditions were obtained. The curves of the relationships between the electrical resistivity of the frozen soil and different factors are plotted in Figures 5-13 . ; the initial water content was 13.68%). Water content(% by volumetric) Figure 9 . Curves of the relationship between the electrical resistivity of the frozen soil and water content under different dry density conditions (T = 17°C).
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Analysis of the experimental results
Effects of the water content
The curve of the relationship between the electrical resistivity of the soil body and the water content, along with the curve of the relationship between the temperature and the water content, is shown in Figure 5 . Dotted lines mark the volumetric water content of the soil body and the electrical resistivity of the soil body when T = 0°C.
The soil body started to solidify as the temperature was decreased when the temperature was less than 0°C. Also, some of the water in the soil body underwent a phase change. The volumetric water content approximated the unfrozen water content of the frozen soil. The curve of the relationship between the water content and the electrical resistivity of the frozen soil on the left side of the vertical dotted line approximates the relationship between the electrical resistivity of the unfrozen water content and the frozen soil. Figure 5 shows the experimental curves indicating that the electrical resistivity of the frozen soil decreased with increases in the unfrozen water content of the frozen soil. The relationship between the electrical resistivity of the frozen soil and the unfrozen water content obtained through fitting was the following:
From Eq. (7), we know that in the model, the electrical resistivity of the frozen soil is inversely proportional to the unfrozen water content, which depends on the temperature; this relationship is consistent with the experiment results, thus verifying the reasonableness of the relationship between the unfrozen water content and the electrical resistivity in the proposed model for the electrical resistivity of frozen soils. T=-3°C T=-10°C T=-17°C Figure 13 . Curves of the relationship between the electrical resistivity and dry density of the frozen soil under different temperature conditions (w = 12%).
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Figures 6-9 show the curves of the relationship between the electrical resistivity of each frozen soil specimen and the initial water content under different dry density conditions (the unfrozen soil [T = 3°C, T = 17°C] is used as the reference); the volumetric water contents shown in Figures 6-9 were converted from the mass water contents. It can be observed from the experimental curves that the electrical resistivity of the frozen soil first rapidly decreased and then slowly decreased with increasing initial water content of the soil body, and the electrical resistivity of the frozen soil reached its minimum value near the optimum water content. When the initial water content was greater than the optimum water content, the effect of the dry density on the electrical resistivity of the frozen soil gradually decreased. The effect of the variation of the water content on the electrical resistivity of the frozen soil increased with decreasing temperature because of the following reasons: the effect of the variation of the water content on the electrical resistivity of the frozen soil decreased with the decreasing temperature, with increasing water content (i.e., increasing ice content of the frozen soil); the electrical resistivity of ice was greater than that of unfrozen water, thereby resulting in more rapid changes in the electrical resistivity of the frozen soil.
Effects of the temperature
The variation curves of the electrical resistivity of the frozen soil with temperature under different water content conditions (ρ d = 1.42 g·cm −3
) and the variation curves of the electrical resistivity of the frozen soil with temperature under different dry density conditions (w = 6%), respectively, are shown in Figures 10 and 11 . The unfrozen soil was used for comparison (T = 3°C, T = 17°C). The curves show that the electrical resistivity of the frozen soil increased with decreasing temperatures. We know that, in the proposed model (Eq. (7)), when there is a change in the dry density of the frozen soil or the water content of the frozen soil, the electrical resistivity of the frozen ( ρ ) is exponentially related to the temperature of the frozen soil ( θ ; the related parameters are different). This dependence is completely consistent with the experimental results. Thus, the reasonableness of the relation between the temperature and the electrical resistivity in the model for the electrical resistivity of frozen soils was verified. The decrease in temperatures resulted in a decrease in the unfrozen water content of the frozen soil, which then resulted in an increase in the electrical resistivity of the frozen soil. Since the soil sample still contained a large amount of unfrozen water at −3°C, there was no significant change in the electrical resistivity of the frozen soil when the temperature of the soil decreased from 17 to −3°C. Therefore, this resulted in a significant decrease in the electrical resistivity of the soil sample. The effect of temperature on the electrical resistivity of the frozen soil decreased with increases in the water content.
Effects of the dry density
The variation curves of the electrical resistivity of the frozen soil with the dry density under different initial water content conditions (T = −17°C) and the variation curves of the electrical resistivity of the frozen soil with the dry density under different temperatures (w = 12%) are shown in Figures 12 and 13 , respectively. The experimental curves show that the electrical resistivity of the frozen soil decreased with increasing dry density in all cases. In the proposed model (Eq. (7)), it is known that when there is a change in the initial water content of the frozen soil or the temperature of the frozen soil, the electrical resistivity of the frozen soil ( ρ ) is inversely proportional to the dry density of the frozen soil ( ρ d ; the related parameters in the relationships are different). This dependence was consistent with the experimental results. This verified the reasonableness of the relationship between the dry density and the electrical resistivity of the frozen soil in the proposed model for the electrical resistivity of frozen soils. The porosity of the soil sample decreased when the dry density of the soil sample increased. The unfrozen water content of the frozen soil was the same under the same initial water content and temperature conditions. The increase in the dry density of the frozen soil resulted in a decrease in the electrical resistivity. This was due to the increase in the number of connections between soil particles. The effect of the variation of the dry density on the electrical resistivity of the frozen soil decreased with increases in the water content.
Effects of the freezing mode and salt content
During the freezing process of a soil body, water migration always occurs. The formation of various cryogenic structures, ice lenses, and different freezing temperatures and modes results in different freezing rates and ice nucleation modes of the water in a soil. There are different impacts on the electrical resistivity of the frozen with different ice nucleation modes. In the present study, however, the specimens were only frozen unidirectionally in a closed system. The salt contents of the soil body are also primary factors that affect the electrical resistivity of the frozen soil [35] . However, the salt contents of the soil body were not considered in the present study. Further studies are necessary to investigate the relationship between the electrical resistivity of a frozen soil and the salt content of the frozen soil.
Application examples of resistivity
Study area
The K161 road section of Bei'an-Heihe Expressway was selected as the study area. This area intersects the northwest section of Lesser Khingan Mountains at the junction of Sunwu County and Heihe City, China's Bei'an-Heihe Expressway between 127°17'31˝--127°21'24˝-east longitude and 49°30'57˝--49°41'50˝-north latitude (Figure 14) . The study area has a continental monsoon climate; a short spring quickly moves into a warm and rainy summer, followed by a short autumn accompanied by a rapid drop in temperature, and a long and cold winter. The annual average temperature is 0.6°C, the lowest temperature is −48.1°C, and the highest is 35.2°C. Soil in the study area begins to freeze at the end of October each year, and extends to a maximum seasonal freezing depth of between 2.26 and 2.67 m. The frozen soil on the ground surface begins to melt in April, and the melting stage lasts from April to September. In dry regions, all the frozen soils will melt by about early July, whereas in swampy regions, the thick layers of peat and humus will not melt until October. Seasonal frozen soil is well developed in the study area and "islands" of permafrost are also distributed in some gully areas.
The area is located in the southern margin of China's high-latitude permafrost region, where the island permafrost is sedimentary residue of the ancient glacier and is currently in a degradation stage. The Bei'an-Heihe Expressway is an expressway widened and expanded based on the original Heihe-Bei'an Second-Class Highway, which was built in 1997 and completed and opened to traffic in 2000. As indicated by the Research Report on Engineering Geological Investigation and Evaluation of Permafrost in the Heihe-Bei'an Section of the Heihe-Dalian Highway, there are 17 road sections containing island permafrost along the Heihe-Bei'an Highway in 2000. In 2009, an engineering geological investigation of the whole area along the Heihe-Bei'an Highway showed that there were only seven road sections containing island permafrost and that permafrost in the other 10 road sections had disappeared. Compared with the investigation results in 2009, the permafrost layers in the seven road sections are now even more reduced in length and thickness, and the lower limits of permafrost are no longer as deep. The temperature of the study area has been increasing in recent decades and the ground temperature has increased as well. If the ground temperature of the study area continues to rise in the coming decades, the permafrost in this area will continue to degrade.
The tectonic structure of the study area is located in the new Wuyun-Jieya Fault Depression Belt, with the Handaqi Fold Belt on the north and the Shuhe uplifted belt on the south. The exposure strata (from old to new) include the Nenjiang Formation of Upper Cretaceous, the Sunwu Formation of Tertiary System, and the Modern River Alluvium of the Holocene Series of Quaternary System. Permafrost is mainly distributed in the Modern River Alluvium of the Holocene Series and the Nenjiang Formation of the Upper Cretaceous. Water inputs in the study area mainly from the surface water, ground water, and underground ice.
Geological survey
The island permafrost in the study area is developed in the low-lying marshlands where there is surface water, overgrown grasses, and thickly accumulated turf and peat. The fundamental reason for the maintenance and preservation of degraded permafrost is that the amount of heat in permafrost is insufficient to melt permafrost in the short term. These marshes provide abundant material resources for evaporation in the warm season, which dissipates a large amount of heat in the atmosphere in the form of latent heat. Additionally, the dense grasses and the rich turf and peat under the soil surface are good thermal insulation materials that prevent the heat absorbed on the surface from being spread to the deep sections of the soil, preventing the temperature of permafrost from rising. In the freezing period, water in the wetland is turned into ice, increasing the thermal conductivity of the soil layer. However, during this freezing period the soil releases heat into the atmosphere. Enhanced thermal conductivity further increases the amount of heat released by the soil layer, which can also lower the temperature of the permafrost. These characteristics of wetlands directly affect the long-term preservation of island permafrost in the permafrost areas.
In this study, we investigated the engineering geological and hydrogeological conditions of the study area and measured its upper and lower limits of permafrost. In July 2009, five drill holes were arranged at the left slope toe, left shoulder, central separator, right shoulder, and right slope toe of the road (drilling locations are shown in Figure 15 ). An engineering geological section map of the study section was drawn according to the drilling results (Figure 15) . 
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Soils and rocks in the control area include Quaternary loose soils, Cretaceous sandstone, and mudstone. The subgrade fill is mainly yellow pebbly sandstone which is slightly dense and permeable. The turf contains incompletely decomposed grassroots, with a layered and patchy frozen soil structure that is brownish black, saturated, and soft plastic. The silty clay layer is black, wet, hard plastic, and glossy, with relatively large dry strength and toughness, and a layered and patchy frozen soil structure. The argillaceous sandstone contains partial fine sandstone lens, with weak cementation, pelitic texture, layered structure, and a micro-layer, and layered frozen soil structure that is gray-black, wet, and hard plastic. The mudstone layer is gray-black, wet, and hard plastic, with weak cementation, pelitic texture, layered structure, and a layered frozen soil structure.
The ground water was comparatively deep at a subgrade depth of 12.4-12.5 m and relatively shallow at the slope toe at a depth of 1.7 m. The upper limit of permafrost was 15.8-16.8 m and the lower limit was 19.0-20.3 m at the old subgrade and the permafrost thickness was less than 5.0 m. The upper limit of permafrost in the original ground was 1.5-2.3 m, the lower limit was 9.2-10.8 m, and the permafrost thickness was 7.7-8.5 m. Affected by the old road filling, the permafrost beneath the old subgrade had degraded significantly and there was no permafrost at the right slope toe.
To explore the temperature change of permafrost below the subgrade during construction and operation of roads, we used the SUR-3 soil temperature sensor produced by the Beijing Huizenong Technology Co., Ltd. This drilling machine has a measurement range of −40 to 120°C. The machine was used to drill holes at two test points, T1 and T2, and soil temperature sensors were embedded in these drilled holes. T1 and T2 were close to ZK1 and ZK3, respectively. Figure 15 shows the layout of the temperature sensors.
The HDR method
The HDR method was used to conduct a geophysical exploration of the K161 road section. Three HDR measuring lines were arranged in the K161 road section: I-I', II-II′, and III-III′ (Figure 16 ).
The instrument used in this study was the WGMD-9 super HDR measurement system produced by the Chongqing Benteng Numerical Control Technique Research Institute. With the super WDA-1 digital-DC electrical prospecting apparatus as the measurement and control host, the system realizes the centralized 2D measurement of high-density resistivity by matching the WDZJ-4 multi-channel switcher and centralized high-density cables and electrodes. The 2DRES HDR method was used to invert the field data. The inversion model was based on the smooth-constrained least-squares method. In brief, this method constantly adjusts the resistivity of the model via model corrections to reduce the difference between the calculated apparent resistivity and the measured apparent resistivity, and it describes the fitting degree between the two using the mean square error. The least-squares method based on smooth constraint is an approach that is widely used because it can be adapted to different types of data and models, data inversion is fast and less affected by noise, the method has high sensitivity to deep units, and there are only a small number of iterations.
Analysis and discussion on the HDR method and ground temperature data
Ground temperature data
A contour map showing the variation of different ground temperatures and depths with time was drawn according to the ground temperature data of rock and soil monitored by the temperature sensor at T1 (Figure 17 shows the variation of the upper and lower limits of the permafrost at T1 over time). In July 2009, the upper limit of the permafrost was 272.7 m, the lower limit was 263.0 m, and the thickness was 9.7 m. When ground temperature monitoring began in September 2009, the upper limit of the permafrost was 272.5 m, the lower limit was 263.2 m, the thickness was 9.3 m, and the lowest temperature of the permafrost was −1.2°C ( Figure 17) . Seasonally frozen soil and permafrost at T1 were linked together on May 5 each year. On May 5, 2010, the lower limit of the permafrost was 262.4 m; on September 25, 2010, the upper limit of the permafrost was 272.3 m, the lower limit was 263.4 m, the thickness was 8.9 m, and the minimum temperature was −1.0°C. On May 5, 2011, the lower limit of the permafrost was 262.9 m; on September 25, 2011, the upper limit of the permafrost was 271.9 m, the lower limit was 263.8 m, the thickness was 8.1 m, and the minimum temperature was −0.9°C. On May 5, 2012, the lower limit of the permafrost was 263.1 m; on September 25, 2012, the upper limit of the permafrost was 271.7 m, the lower limit was 264.2 m, the thickness was 7.5 m, and the minimum temperature was −0.7°C. On May 5, 2013, the lower limit of the permafrost was 263.2 m; on September 25, 2013, the upper limit of the permafrost was 271.7 m, the lower limit was 264.3 m, the thickness was 7.4 m, and the minimum temperature was −0.7°C; on May 5, 2014, the lower limit of the permafrost was 263.3 m; on September 25, 2014, the upper limit of the permafrost was 271.7 m, the lower limit was 264.8 m, the thickness was 6.9 m, and the minimum temperature was −0.6°C. On May 5, 2015, the lower limit of the permafrost was 263.5 m; on September 25, 2015, the upper limit of the permafrost was 271.7 m, the lower limit was 265.4 m, the thickness was 6.3 m, and the minimum temperature was −0.6°C. On May 5, 2016, the lower limit of the permafrost was 263.8 m; on September 25, 2016, the upper limit of the permafrost was 271.7 m, the lower limit was 265.6 m, the thickness was 6.1 m, and the minimum temperature was −0.5°C.
Ground temperature data suggested that road construction affected the permafrost, since the road was near the subgrade at the left slope toe. The upper limit of the permafrost decreased significantly while the lower limit increased significantly during the road construction. Affected by temperature and permafrost, the rock and soil strata near the upper and lower limits of the permafrost in this position froze and thawed repeatedly. The overall trend was permafrost degradation as a result of changes in climate, characterized by a rise of the permafrost temperature, a decline of the upper limit, a rise of the lower limit, and a decrease in the thickness. Figure 18 depicts a contour map at T2 showing the variation in ground temperature and depth of the rock and soil strata and the variation of the upper and lower limits of the permafrost at T2 over time. At T2 at the start of the investigation in July 2009, the upper limit of the permafrost was 269.3 m, the lower limit was 263.3 m, and the thickness was 6.0 m. When the ground temperature monitoring was started in September 2009, the upper limit of the permafrost was 269.2 m, the lower limit was 263.7 m, the thickness was 5.5 m, and the lowest temperature of the permafrost was −0.9°C (Figure 18) . On September 3, 2010, the upper limit of the permafrost was 268.1 m, the lower limit was 264.8 m, the thickness was 3.3 m, and the minimum temperature of the permafrost was −0.6°C. On September 25, 2016, the upper limit of the permafrost was 266.8 m, the lower limit was 265.2 m, the thickness was 1.6 m, and the minimum temperature of the permafrost was −0.4°C. The height of the subgrade fill at T2 reached 10.4 m, which caused an obvious degradation of the permafrost. During the road construction, the upper limit of the permafrost declined, the lower limit rose, and its thickness significantly decreased. Affected by temperature and permafrost, the rock and soil strata near the upper and lower limits of the permafrost in this position froze and thawed repeatedly. Overall, there was a trend of permafrost degradation as a result of changes in climate. Figure 19 shows the HDR inversion image of I-I′ measuring line on September 3, 2010. As indicated by the inversion image, the resistivity stratification of the soil under the measuring line is relatively obvious. To better analyze the variation of soil resistivity with depth, the 2DRES HDR-processing software was used to extract the curve of resistivity at any point on the measuring line. Figure 20 shows the resistivity curves of the soil at ZK1, ZK2, ZK3, ZK4, and ZK5 as depth changes. According to the resistivity characteristics of the foundation soil on site, soil with resistivity greater than 90 Ωm is probably frozen soil. On September 3, 2010, the upper limit of the frozen soil at ZK1 was 273 m, the lower limit was 263.6 m; the upper limit of the frozen soil at ZK2 was 271.6 m and the lower limit was 264.5 m; the upper limit of the frozen soil at ZK3 was 269 m and the lower limit was 264.6 m; the upper limit of the frozen soil at ZK4 was 268.3 m and the lower limit was 265.7 m; there was no permafrost at ZK3. The comparison of the temperature-monitoring data at T1 and T2 suggests that there is no difference between the upper and lower limits of permafrost at ZK1 and ZK3, and the position of permafrost inferred by the resistivity data was accurate.
Electrical Resistivity and Conductivity
I-I′ measuring line
II-II′ measuring line
To Compared with the lower limit of permafrost obtained by the temperature data at T1, the difference between the upper and lower limits of permafrost measured by the HDR method was small, indicating that the position of permafrost detected by the HDR method on II-II′ measuring line was accurate.
As shown by the measurement results obtained on II-II′ measuring line, both the area and resistivity of the high-resistivity areas were shrinking during the period analyzed, indicating that the permafrost at the left slope toe of the road was constantly degrading. The upper limit of the permafrost was declining, the lower limit was moving up, the temperature was rising, and the total area was decreasing. As shown in Figure 22 , on II-II′ measuring line, permafrost was found in the following road sections on the following dates: K161+414-K161+422 and K161+431-K161+494 in September 2010; K161+414-K161+422 and K161+431-K161+484 in September 2012; K161+432-K161+477 in September 2014; K161+432-K161+472 in September 2015; and K161+433-K161+460 in September 2016.
III-III′ measuring line
To explore the distribution of permafrost on III-III′ measuring line, HDR detection analyses were conducted on III-III′ measuring line on September 25, 2010 and September 25, 2014 (images are shown in Figure 23 ). ZK5 is a cross section of the K161+440 road at 90 m from the starting 
Conclusions
1. The electrical resistivity of the frozen soil was shown to be inversely proportional to the unfrozen water content of the soil body. Temperature determined the exact proportionality. The electrical resistivity of the frozen soil decreased with increases in the unfrozen water content of the soil body. The electrical resistivity of the frozen soil showed a complex temperature-related functional relationship with the initial water content. The electrical resistivity of the frozen soil rapidly decreased at first and then gradually increased with increases in the initial water content of the soil body. The electrical resistivity of the frozen soil tended to stay at the minimum value near the optimum water content. The effect of the dry density on the electrical resistivity of the frozen soil gradually decreased when the initial water content was greater than the optimum water content. The effect of the variation of the water content on the electrical resistivity of the frozen soil increased with decreases in the temperature.
2.
The electrical resistivity of the frozen soil was exponentially related to the temperature of the soil body. The electrical resistivity of the frozen soil increased with decreasing temperature. The effect of the temperature of the frozen soil on the electrical resistivity of the frozen soil decreased with increasing water content. When there was a change in the dry density of the frozen soil, the effect of the temperature on the electrical resistivity of the frozen soil was effectively unchanged.
3. The electrical resistivity of the frozen soil was inversely proportional to the dry density of the soil body. The electrical resistivity of the frozen soil decreased with increasing dry density. The effect of the dry density of the frozen soil on the electrical resistivity gradually decreased with increasing water content. The effect of the dry density on the electrical resistivity of the frozen soil increased with decreasing temperature.
4.
The relationships between the electrical resistivity of a frozen soil and the various influencing factors were basically consistent with the relationships described by the fitted equations obtained from the experiments, based on the model of the electrical resistivity of frozen soils. This verified the reasonableness of the model for the electrical resistivity of frozen soils. More studies are needed to investigate the related parameters in the model for the electrical resistivity of frozen soils.
5.
The results of geological drilling, temperature monitoring, and HDR detection analyses suggest that a widened and expanded subgrade have had a significant influence on permafrost in the K161 road section. During the subgrade construction, the permafrost was degraded as a result of both road construction and climatic change. Permafrost temperatures rose, the upper limit of permafrost declined, the lower limit of permafrost rose, and the overall thickness of the permafrost significantly decreased.
6. The positions of permafrost estimated by the HDR method were in agreement with the results obtained from geological drilling, temperature monitoring, and the electrical survey, indicating that HDR is a fast, economical, and reliable method for on-site exploration of permafrost. HDR can be used to quickly and accurately locate the position of underground permafrost in high-latitude permafrost regions, providing an accurate reference for linear engineering positioning and corresponding engineering measures.
